The steps of the topoisomerization reaction by calf thymus DNA topoisomerase I on a DNA domain containing an intrinsically bent DNA sequence have been analyzed. High preferentiality of binding, cleavage and topoisomerization on the bent segment relative to the rest of the DNA domain was observed. These studies show the importance of the local DNA conformation in the reaction of eukaryotic DNA topoisomerase I and the interest of the use of this enzyme as a tool for the analysis of DNA conformation and DNA dynamics.
INTRODUCTION
Two lines of evidence point to the relevance of DNA conformation in the reaction of eukaryotic DNA topoisomerases I. i) The analysis of the cleaved sequences. The compilations of the sequences which surround the cleavage sites have revealed that little sequence consensus is necessary for topoisomerization (1) (2) (3) . However, analysis of the conformation of these sequences has revealed a common motif: a defined alternation of base pair roll angles (negative-positive-negative). Cleavage occurs at the positive roll angle step (4, and Camilloni et al, submitted) . This deformation of DNA geometry is present at the junctions of the stretches of As with the distal sequences in bent DNAs. ii) The observation that both topoisomerization (5) and cleavage (6) preferentially occur on torsionally strained closed DNA domains. A minor strain is sufficient for the activation of both topoisomerization and cleavage: topoisomerization is activated by the topological strain which corresponds to 1 writhing, positive or negative (5) . For cleavage, it was measured that activation is caused by a strain even lower (6) .
Thus, DNA conformation is probably a relevant parameter for the selectivity of cleavage and for the preferential topoisomerization observed for strained DNA domains by DNA topoisomerase I.
The study reported in this paper provides additional evidences for these latter points: we have analyzed the relationship between bent DNA sequences and the topoisomerization reaction in DNA domains characterized by different topology. The various steps of the reaction (binding, cleavage, topoisomerization) were analyzed and it is shown that bent sequences preferentially bind and undergo both cleavage and topoisomerization at sites characterized by a defined DNA conformational motif.
MATERIALS AND METHODS
Materials. Distamycin, Ethidium Bromide and Camptothecin were purchased from Sigma, calf thymus DNA topoisomerase I from Bethesda Research Labs. Restriction endonucleases and T4 DNA ligase were from New England Biolabs and Boehriger Mannheim, radiochemicals from NEN. Plasmids: pPK201/CAT (3230 bp) (kindly provided by P.T.Englund) contains the 211 bp bent segment from the kinetoplast DNA of the Trypanosomatidae protozoan Crithidia fasciculata cloned in the BamHI site of the polylinker of the pSP65 plasmid (3005 bp) by fill-in and addition of BamHI linkers (7) . Methods. Circularization of DNA fragments. Circularization was performed as described (5, 6) by in vitro ligation of 5'-protruding terminally labelled linear DNA molecules. Ligation in the presence of EtdBr at 1.2 jig/ml resulted in the production of highly supercoiled topoisomers which were recovered from a preparative agarose gel electrophoresis, uncontaminated by linear or open circular forms (as described in 6). The DNA extremities used for labelling and ligation were from the Xbal site of the polylinker. Treatment with DNA topoisomerase I was performed in low salt buffer (lOmM NaCl, 20mM Tris HC1, pH 7.9, lOmM MgClJ, unless otherwise specified, at 20°C, stopped with 1% SDS, lOmM EDTA (final concentration) and analyzed on agarose gels, as described (5, 6) . Localization of DNA topoisomerase I cleavage sites was performed as described (6) . In outline, linear pPK201/CAT DNA molecules (10 ng/sample), labelled on both strands at the Xbal site (see map in fig.3 ) were treated with 1 U of c.t. DNA topoisomerase I (5 min., 100 /tg/ml camptothecin, see ref. 6 ), in the absence or in the presence of distamycin and analyzed on a sequencing gel. This procedure allows unambiguous analysis of the cleavages on the lower strand (the one which contains the stretches-of-As in the insert), because DNA topoisomerase I remains covalently bound to the 3' extremity of the cleaved site (2), therefore removing from the analysis the labeled protein-DNA complexes which form on the other strand. The internally labelled linear DNA used in the experiment reported in Fig.3 was obtained as follows: pPK201/CAT DNA was linearized in Xbal, labelled and ligated. The purified closed circular forms were reopened at the Hindm site and treated with DNA topoisomerase I. In the map in Fig.3 , the strand of the insert which carries the runs-of-As, is the lower one. The assay was performed in the presence of camptothecin because this drug prevents resealing of the cleavage by DNA topoisomerase I, allowing accumulation of the cleaved molecules and detection of even minor cleavage sites.
RESULTS

Binding of DNA topoisomerase I on bent and not bent DNA
Measurement of the differences of the binding of DNA topoisomerase I on various DNA sequences can be obtained by competions assays (i.e., topoisomerization assays in which different DNA sequences are tested for their competitory capacity toward a reference topoisomerization reaction). The intrinsic properties of the DNA topoisomerase I reaction and of the DNA topoisomerase I/DNA complexes do not allow the use of more direct techniques (filter binding, band-shift or DNA footprinting. Footprints in particular may be obtained only on DNA sequences with especially high selectivity (8)). Competition experiments: competitions of the interaction of DNA topoisomerase I with supercoiled substrates were performed adding increasing amounts of different linear DNAs to the reference topoisomerization reaction. The reference reaction used is the relaxation of a supercoiled DNA in completely processive conditions (absolute processivity can be easily obtained-and verified-in low salt buffer -9). Fig. 1 shows that bent linear DNA (lanes 3 -7) is a stronger competitor than non-bent linear DNA Qanes 8-12). The competition was measured by the decrease of the reactive supercoiled substrate in underexposed autoradiograms. The high competitory capacity of bent DNA is also showed by the appearance of the products of relaxation [earlier for reactions in which the competitor does not contain bent sequences-compare lanes 8 & 9 (non-bent) with 3 & 4 (bent)]. Quantitative evaluation of the reactions is shown in the lower panel. In processive conditions (low salt), the distribution of the enzyme on the DNA in binding binary complexes depends only upon the kinetics of the reaction, not upon its thermodynamic properties (because stability is so high that causes irreversibility of the complexes). Therefore, these experiments show differences in binding among the DNAs tested that are due to kinetics rather than to thermodynamic equilibrium. Cleavage by DNA topoisomerase I of bent and not bent DNA The sequence-specificity of the cleavage reaction for bent sequences was analyzed on a plasmid containing (pPK201/CAT) or lacking (pSP65) the 211 bp bent DNA fragment. (i) Supercoiled DNA domains containing bent sequences are preferentially cleaved by DNA topoisomerase I The preference of cleavage of bent-containing DNA molecules was evaluated measuring the 'first-hit' event. The experiment reported in Fig.2 shows the disappearance of fulllength molecules caused by the first cleavage by the enzyme. The dependance of cleavage upon the presence of bent sequences is evident. Considering that the bent insert is 6.5% of the total domain (211 out of 3230 bp) and that its presence decreases by a factor =2 the amount of DNA topoisomerase I necessary for the 'first hit' cleavage ( Fig.2) , one may conclude that bent DNA sequences react about 30 times more efficiently than randomsequence DNA. Increased efficiency is due, as shown in the next section, to higher density of cleaved sites, not to faster reaction rate.
(ii) Bent sequences in chimaeric plasmids are preferentially cleaved as compared to the rest of the DNA domain The preferential reaction on bent sequences is confirmed by the localization of the cleavage sites in the bent-containing chimaeric plasmid. We report below the analysis of the distribution of cleavage sites. 
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Fig .3 Preferentially of cleavages in the bent segment. Linear pPK201/CAT DNA (10 ng) was treated with I U of c.t. DNA topoisomcrase I (5 min, 100 figlm\ camptothecin, see ref. 6) , in the absence (lane 1) or in the presence of distamycin (0.5, 1 and 3 /ig/ml, lanes from 2 to 4) and analyzed on a sequencing gel. The cleavage sites shown in the figure are: sites in the insert (from I to 8) and in the immediately distal region of the vector (from 9 to 19). 6 additional sites were observed in the central part of the vector (shown only on the map). The position of the cleavage sites in the insert is reported on the sequence (fine mapping is detailed elsewhere. The sequence is numbered from the StuI site which defines the upstream limit of the repetition of As (7)). Mapping of the sites in the plasmid sequence was obtained with the appropriate size markers. The sites in the plasmid sequence (from 9 to 25 ) map (using the conventional numbering of the pSP65 plasmid) at 3005 ±2 pattern in the bent 211 bp DNA segment perfectly corresponds to the pattern obtained by fine mapping of the same segment (detailed elsewhere). Scanning densitometry of the pattern displayed in lane 1 has shown that the sites from # 1 to 8 account for 31% of the totaJ cleavages. The sequences involved are 6.5% of the total; therefore, the cleavage preferentiality on bent sequences is about 50 fold, in agreement with the 'first-hit' kinetic data reported in the previous section.The difference between the values (30 and 50-fold) produced by these two different techniques is explained by the lower accuracy of the second method (which overlooks the cleavages at minor sites).
The non-intercalating DNA binding ligand distamycin (14) selectively removes bending from the appropriate sequences (13) . Treatment with a low dose of distamycin (Fig.3 , lane 2) selectively inhibits cleavage at the bent-inducing sites (from # 1 to 8) and fails to do so on the majority of the sites on the plasmid sequences, suggesting that the particular DNA conformation which induces bending is the same one which is recognized by DNA topoisomerase I. In this condition, cleavage on the plasmid sequences is enhanced {cfr lanes 1 and 2 in Fig. 3) . The highest density of cleaved bands in the vector DNA is observed at low concentration of distamycin (0.5 /tg/ml, lane 2); at higher doses, the effect of the drug is that of general sequence-independent inhibition (lanes 3 and 4 and unreported observations on several other non-bent DNAs). The distamycin-dependent enhanced reactivity of alternative DNA sites is explained by different distribution of limiting enzyme molecules on a DNA on which distamycin has both bound in a sequence-selective manner (14) and might have induced long-range conformational changes (15) .
(Hi) Cleavages on the bent sequences are topology independent
We have previously shown that supercoiled DNA from several sources is preferentially topoisomerized relative to the relaxed form [for calf thymus, chicken erythrocyte, wheat germ, S.cerevisiae DNA topoisomerase I (5, 6)]. This suggests that the topological activation of the cleavage reaction is the rule. The intensity and the quality of the pattern of cleavages produced on several forms of bent containing DNAs were analyzed and resulted identical. Thus, bent sequences appear to be an exception to the rule mentioned above . The forms analyzed were: closed relaxed (T = 0 and r = -1), open relaxed, supercoiled (T = -24) (data not shown). The experiments were performed as described in (6) . The topologyindependance of the cleavage on the bent segment demonstrates the 'constitutive' behavior of this form of DNA toward DNA topoisomerase I (see below).
In conclusion, the preferential interaction of DNA topoisomerase I with DNA sites in bent molecules characterized by a defined conformational alteration is shown by: selective first-hit cleavage, localization of preferential cleavages, topology-independent ('constitutive') behavior of the cleaved sites, selective inactivation by distamycin.
Topoisomerization of bent and non bent DNAs (i) Supercoiled DNA domains containing bent sequences are preferentially topoisomerized.
A topoisomerization reaction as a function of the enzyme/DNA ratio is shown in Fig.4 for pSP65 and pPK201/CAT DNAs. We observe that: 1) on the bend-containing pPK201/CAT DNA the topoisomerization begins at lower doses of DNA topoisomerase I than for pSP65 [compare panels A (pSP65) and B (pPK201/CAT)]. 2) At the same enzyme doses, a larger fraction of the bent-containing DNA is topoisomerized (as shown by the difference of the unreacted supercoiled material in A and B). 3) The enzyme concentrations which completely topoisomerize the bent DNA (panel B, lanes 4 and 5) still produce reaction intermediates in the pSP65 vector (panel A, lanes 4 and 5).
(ii) Distamycin preferentially inhibits topoisomerization on bent sequences. The preferential inhibition by distamycin of the cleavage on bent sequences does not necessarely imply preferential inhibition of topoisomerization on the same sequences. The inhibited cleavage could occur on abortive sites (i.e., sites where cleavage takes place not being followed by resealing). Direct evidence for the preferential inhibition by distamycin of the topoisomerization of bend-containing DNA domains was obtained and is reported in Fig.5 . The catalytic constant of the topoisomerization reaction (=0.01 sec~') was determined on bent and non-bent DNAs, both relaxed and supercoiled, and resulted identical. (Data not shown).
In conclusion, the data reported in sections (i) to (iii) show that bent sequences confer to DNA domains topology-independent preferentiality of topoisomerization.
Supercoiled-induced and constitutive topoisomerization sites
A closer inspection of the pattern of topoisomers produced in the reactions in the presence of distamycin, provides evidence for the existance of DNA sites which allow the start of the topoisomerization reaction but which are progressively inactivated by the decrease of torsional strain. We define these sites as Supercoiling induced (S sites), as opposed to supercoiling-independent Constitutive sites (C sites).
Examine, for instance, Fig.5 (panel A, lanes 2-6). At the lower doses of distamycin, the initiation of the reaction is not inhibited (as shown by the fact that the amount of unreacted supercoiled DNA does not increase, lanes 2-5). However, the amount of molecules which do not reach the final equilibrium gaussian distribution is progressively higher. This is shown by the fact that the final equilibrium topoisomers (i.e., +1, +2 and +3) decrease (see, for instance, the decrease of topoisomer +1) and by the parallel increase of intermediate products (i.e., see the increase of topoisomers -1 and -2). Selected instances are quantitatively described in the graph in panel C. In the processive conditions used, the production of intermediate topoisomers is only explained by the progressive switchoff of the reaction caused by the decrease of torsional strain on sites S. The alternative explanations (inactivation of the enzyme or change of the linkage number by distamycin) are ruled out by appropriate controls (not detailed).
The sites cleaved in bent DNA are a typical example of class C sites, being actively and preferentially bound and cleaved on any form of DNA (linear,open circle,relaxed closed and supercoiled ). 
DISCUSSION
We have shown that DNA topoisomerase I preferentially reacts with a series of sites of a bent DNA segment. Preferentiality involves every step of the DNA topoisomerase I reaction: binding, cleavage and topoisomerization.
Two classes of cleavage sites
Cleavage by DNA topoisomerase I occurs, in general, with higher frequency at 3' of a T residue (1-3) . Also the cleavage sites in the bent sequences are located after the T residue which is, in this case, the residue almost always present immediately distal to the base pair step characterized by a positive roll angle and preceded and followed by a negative one (analysis performed as described in 19, to be detailed elsewere).
The analysis of both the pattern of the products of relaxation (Figs 4 and 5 ) and of the pattern of cleavage sites (6) reveals the existance of two different classes of DNA sites for interaction with topoisomerase, which have been defined according to their reactivity as a function of the topology of the DNA domain: sites S (Supercoiled induced) and C (Constitutive, whose presence is topology-independent).
According to this definition, the cleavage sites on the bent sequences are type C sites. They are detected even in the absence of camptothecin (not shown), are present on linear, relaxed and supercoiled DNAs (not shown) and therefore are not topology dependent. S sites (induced by supercoiling) loose, as expected, their reactivity upon reduction of torsional strain, thus causing the accumulation (in processive low salt conditions and at limiting E/DNA) of intermediate products of relaxation (see Figs. 4 and 5) . The loss of reactivity of the S sites leads to inactivation of topoisomerization (5), unless on the DNA molecule constitutive sites are present and occupied by the enzyme or unless multiple occupancy (that is, enzyme excess) of the same DNA molecule ensures completion of the relaxation reaction (as shown by the disappearance of intermediates at high concentration of topoisomerase) (Figs 4 and 5) .
DNA conformation and activation of DNA topoisomerase I: an hypothesis
We have observed that the frequency of cleavage of the bent sequence on linear DNA (Fig.3) is similar to that of the same sequence in the supercoiled form (not shown). This similarity was in principle unexpected (because of the supercoiling-dependance of the cleavage reaction previously observed in other non-bent DNA systems -5,6) and is due to the higher-than-normal ('constitutive') reactivity of the bent sequences. Taken together, these observations and the ones reported in previous papers open the way to an interpretation of the relationship between the role of DNA topoisomerase I and DNA conformation: (i) The role of DNA topoisomerase / It has been previously shown by the analysis of the cleavage and of the topoisomerization reactions that DNA topoisomerase I is not active on relaxed DNA. This means that DNA topoisomerase I induces self-arrest on the topological form which is the final product of the reaction. This topological feedback mechanism may explain both the role and the regulation of the enzyme: every time that DNA undergoes topological strain, DNA topoisomerase I is activated by the conformational alteration and brings the DNA back to the unreactive relaxed state.
This mechanism of topological self-regulation could maintain the constancy of DNA conformation, allow repetitive events which perturb DNA topology (i.e., transcription), unify to a common homogeneously relaxed state the final topology of DNA after replication or recombination. Alternatively, if topoisomerization were not self-inhibited by the topology of its product, a futile continous reaction would take place. This would increase, among other risks, the possibility of introducing unwanted variations in the linkage number of DNA.
The question is: which is the conformational feature recognized by DNA topoisomerase I, that is present in the supercoiled form and is absent in the relaxed? (ii) Bent DNA sites as a model for the local DNA conformation required for DNA topoisomerase I reaction The data collected in studies on the relationship between topology and DNA topoisomerase I activity do not provide a definitive answer to the question asked above. However, several facts may be taken into account which indicate that DNA topoisomerase I is sensitive to conformational properties related to axial flexibility rather than to variations of the twist caused by torsional flexures. Reactivity of linear bent DNA. A computer simulation of DNA double helix dynamics (16) has shown that linear DNA adsorbs thermal perturbations in bending motions, rather than in base-pairs opening motions. The resulting smooth bending predominantly consists of a normal mode that has a wave length close to the helical repeat length. The motion is not symmetrical about the straight conformation but tends to close the major groove (and to open the minor) relative to the straight DNA. Intrinsically bent DNA (as the 211 bp C. fasciculata fragment) resembles a thermally perturbed molecule, frozen by the structural properties of its sequence in one defined conformation (bent and open toward the minor groove at the bending site (10-12, 17,18) ). On random-sequence (here = nonintrinsically bent) linear DNA, the motion caused by thermal perturbation may induce (in non-forbidding sequences) transient reactivity. The reactive conformation is intrinsically present in the C. fasciculata segment (as shown by the high reactivity of linear bent DNA); selectivity of distamycin inhibition shows that the bent conformation is a key feature of the C sites. Reactivity of supercoiled DNA. The crucial role of the conformational flexibility of DNA in its interaction with proteins and as a determinant of its response to superhelical strain has been pointed out and reviewed (17, 18) .
It has also been established that the bent structure assumed by random-sequence linear DNA as an answer to thermal perturbations is wound less tightly and has more base pairs per turn than the straight structure (16) . This is what characterizes also a closed DNA molecule which changes its writhe and twist as an answer to linking deficiency. Is it conceivable that in a strained (linear or closed ) DNA molecule, DNA topoisomerase I recognizes a local conformation related (only or preferentially) to the variation of one of the two terms (T or W)? And if so, is it possible to define which?
We have previously (6) made the following observation: DNA topoisomerase I does not cleave perfectly relaxed closed DNA but increasingly cleaves molecules with increasing topological deformation, both on the negative and on the positive direction (i.e., the reactivity of the enzyme is determined by a symmetrical topological property of the DNA). Twist is a continuous property (it changes continuosly from undertwisted, through normally twisted, to overtwisted). Writhe at the contrary is a symmetrical property (i.e., a topoisomer +1 has a bent conformation similar to that of -1). Therefore, DNA topoisomerase I is apparently sensitive to deformations related to writhing. It is conceivable that the knowledge of the local conformation recognized at specific sites on bent sequences may facilitate the understanding of the relationship between DNA dynamics and DNA topoisomerase I. It is certain that this enzyme is an important tool for the analysis of DNA conformation.
